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1 Introduction 



Large departures from isospin symmetry are observed in nature. They have made in particular the puzzle of 
hadronic K ^ tttt decays [||] one among the oldest in particle physics, and the huge literature devoted to the 
so-called A/ = 1/2 rule covers 30 years of investigations in this field [|[] [] . 

If electromagnetic and weak interactions, treated perturbatively, can correctly account for a large variety of 
physical processes, they are, alone, at a loss for K tttt decays and the natural idea was to incorporate, in one 
way or another, strong interactions. 

The first attempts |Q] made use of Current Algebra [^, a non-perturbative technique based on exact commutation 
relations between the generators of chiral U (N) l x U{N) a, linked to currents the divergence of which can be 
used as interpolating fields for the mesons; however, its performance is maimed by the necessity of working at 
the "soft" limit, far from the physical kinematic domain of the decays. 

Then came out the renormalizable unbroken colour gauge theory of quarks and gluons [||]; the techniques of 
operator product expansion showed that gluonic exchanges enhanced the coefficients of the "octet" four-quarks 
operators corresponding to A/ — 1/2 transitions [^; the discovery of the so-called "penguin diagrams" |]^] 
provided a new perspective on the subject. Still, though most computations go in the right direction, the en- 
hancement is in general too small and difficulties cannot be concealed that: 

- the large gap akeady mentioned in between Quantum Chromodynamics and a theory for the strong interac- 
tions of hadrons still exists, and the Yang-Mills theory of colour has to be supplemented with various hypotheses 
concerning confinement and hadronization (PC AC, soft limit, factorization and vacuum insertion JlO| ] etc); 

- at the scales involved in K ^ tttt decays, it is presumably not a weakly coupled theory and treating it pertur- 
batively or in the one-gluon approximation is problematic. 

The intractable complexity of higher order computations can be slightly decreased by reordering the expan- 
sion in inverse powers of the number of colours [[TTll; this technique culminated in the works |Jl^. If, again, 
the results go in the right direction, no rapid improvement can be expected because of the intricacies of the 
calculations. 

The techniques of effective theories [|3]| incorporating chiral properties of mesons and some of the features of 
Quantum Chromodynamics have also been applied to this problem [|l4|]; they can in particular prepare the path 
to computer simulations. 

The sole truly non-perturbative technique available is indeed putting the system on a lattice and making com- 
puter simulations. It has been applied to K tttt decays, and more specially to (ttIK) matrix elements after 
using Current Algebra to "reduce" one of the two pions [p^. It is not either devoid of ambiguities. 

If many of these techniques provide encouraging results, none seems to be really convincing and physically 
simple enough to be appealing; the great complexity of the computations and the various hypotheses that must 
be been introduced often dim the demonstrations. 

A common beUef is that the A/ =1/2 rules for kaon decays results from the combined action of many different 
mechanisms, and that a unique and transparent interpretation may always be lacking. 

The standard electroweak model [ p^ is not by itself devoid of unanswered and fundamental questions; in partic- 
ular, the renormalizable generation of mass is at present only performed through the mechanism of spontaneous 
symmetry breaking, making use of the most elusive Higgs boson. Decoupling theorems | ]l7[ ] show that a fun- 
damental Higgs is perturbatively highly protected. If finding it would be a great achievement, it is not even 
sure whether it should indeed be considered as a fundamental particle, and other directions of investigations are 



worth considering [ |18[ . 



In the traditional framework of the Glashow-Salam- Weinberg model [|l6|], neither the Higgs nor its three part- 
ners in the complex scalar doublet, which are the goldstones of the broken electroweak symmetry, bear any 
connection with the observed mesons; in particular, in the strict framework of the standard model, the former 
plays no sensitive role in mesonic decays. 

I investigate here K ^ tttt decays in the framework of the renormalizable electroweak SU{2)l x U{1) gauge 
theory of J = mesons proposed in [|l]]; they are considered to be both the fundamental fields of the Lagrangian 
and the asymptotic states, and to transform like [qiqj) or {qij5qj) operators by the chiral group U{N)lxU {N)ji 
(N is the number of flavours) and by its electroweak subgroup; the orientation of the latter into the former is 
unambiguously determined by the identification of the g^'s with the N quarks on which also acts the gauge group 
of the electroweak standard model. Both behaviors of the quarks, by chiral and electroweak transformations, 
are thus incorporated. 

'I shall not quote here all papers that have been devoted to the subject, and shall rather mention works characterizing the main steps in 
the evolutions of the ideas; the reader is conveyed to the extensive review H] for additional references. 



In addition to the status given to quarks, one of the main differences with the standard approach lies in that the 
Higgs boson and its three pseudoscalar (goldstone) partners now form one among the quadruplets into 

which the 2N'^ electroweak J = 0, scalar and pseudoscalar, mesonic eigenstates can be classified. They are all 
linear combinations of flavour or "strong" eigenstates (tt, K, D, Ds . . . and their scalar equivalent). 

As a consequence, electroweak interactions now couple the Higgs boson to those of the pseudoscalar mesons 
which build up the three goldstones: this distinguishes the charged from the neutral kaons and introduces from 
the start an asymmetry between the two types of incoming states occurring in K tttt decays. The Higgs 
boson appears in internal lines of 1-loop electroweak diagrams controlling if + tt+tt'^ decays and does not 
in the decays of neutral kaons. This effect is however negligeable, as shown in the first part of this work. 

It turns out, too, that no tt^tt" final state can occur in the pure electroweak decays of Kg mesons. This drastic 
breaking of strong isospin symmetry, of pure electroweak origin, adds up to the problem of accounting for the 
damping of tt+tt" decays and makes mandatory the introduction of another type of interactions. 

This is performed in the second past of the work where I propose a very simple model of interactions between 
mesons which respect flavour symmetry and conserves parity. The (unknown) coupling constant A drops out 
from the ratio of amplitudes, making our estimates for the latter independent of the strength of these interactions. 

The combined action of electroweak interactions and A-interactions for mesons restores, at the one-loop order, 
the occurrence of Kg — > tt^tt" decays, and provides an elegant and simple mechanism for the damping of 
if + tt+tt" amplitude with respect to Kg tttt: while the latter involve only contributions from the W 
gauge boson, both W and Z occur in the former and their contributions tend to cancel. ^ There is no obstacle 
to reproduce the observed ratios of amplitudes, and the cancelation just mentioned can even be complete. The 
computation of the amplitudes depends on the spectrum of electroweak mass eigenstates which propagate in 
internal lines, including the scalar mesons; as it is for a large part unknown, we have to work within certain 
approximations: the crudest takes all electroweak eigenstates to be degenerate; the intermediate one splits 
scalars and pseudoscalars; the finest (though still crude) introduces two more mass scales, the vanishing mass 
of the three (pseudoscalar) goldstones and an independent mass for the Higgs boson, which makes up finally 
four different mass scales. This last approximation exhibits the sensitivity of the W — Z cancelation to the 
electroweak spectrum, in particular to the mass of the Higgs boson. This means that, would this be the only 
unknown, the experimental value of the ratio of if + 7r+7r° and Kg tt+tt^ amplitudes would yield an 
estimate for it. 

More refined approximations are unrealistic in our present state of knowledge of the spectrum of electroweak 
eigenstates (specially scalars), and are therefore out of the scope of the paper. 

2 Theoretical framework: electroweak interactions of quark-antiquark 
composite fields 

The general framework has been set in [|lj]. For the sake of understandability and for this paper to be self- 
contained, I briefly recall here the main useful steps, in a somewhat less formal approach more usable for 
phenomenological purposes. 

Quarks are considered to be mathematical objects | ^0[ ] which are determined by their quantum numbers and by 
their transformations by the different groups of symmetry that act upon them; we are mainly concerned here 
with the chiral group U {N) l x U {N)r where N is the number of "flavours", and with the electroweak group 
SU{2) L X C/(l): they form an iV-vector * 
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— Z cancelation had already been shown jig]] to provide finiteness of the cun'ent algebra computation of K tttt decays with the 
help of spectral function sum rules. 



in the fundamental representation of the diagonal subgroup of the chiral group, and their electroweak transfor- 
mations, to which we stick to, are the usual ones of the Glashow-Salam- Weinberg model [|l6|. 

Any SU{2) l x U{1) group can be considered, for N even, as a subgroup of U{N) l x U (-/V)_r; that it be the 
electroweak group, i.e. that it act on quarks in the standard way determines its embedding in the chiral group. 
It is easy to check that the SU{2) group the three generators of which are the three N x N matrices (they are 
written in terms of four N/2 x N/2 sub-blocs with I the unit matrix and K the Cabibbo-Kobayashi-Maskawa 
(CKM) mixing matrix [^) 
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acting trivially on the left-handed projection ^ [(1 ~ 75)/2]^ of ^' can be identified with the standard 
electroweak SU{2)i^; the U{1) associated to the weak hypercharge Y is determined through the Gell-Mann- 



Nishijima relation |22| 



(YL,YH) = (Qi,Qfl)~(Ti,0), 
and from the trivial form for the (diagonal) charge operator Q 
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The 2N'^ composite of the form qq or qj5q can be cast into N'^ /2 quadruplets which are stable by the elec- 
troweak group; their flavour structure is materialized by x matrices M and the quadruplets can generically 
be written 
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where D is a real N/2 x N/2 matrix. One may furthermore consider quadruplets the entries of which have a 
definite parity (the S's below stand for scalars and the P's for pseudoscalars) 



(§o,P), 



and 



X=(P",§). 

The (p's and the x's transform aUke by the gauge group, according to (i and j are SU (2) indices) 



(6) 



(7) 



(8) 



The link between the matrices M and diquark operators is straightforwardly established by sandwiching the 
latter between 'J and and inserting a 75 when needed by parity. 

Because of the CKM rotation, the electroweak eigenstates (p and x defined in (^^ are not flavour eigenstates 
but linear combinations of them. 

The flavour or "strong" eigenstates are the ones associated with M matrices which have only one nonvanishing 
entry equal to 1. 



2.1 Quadratic invariants and electroweak mass scales 

To every quadruplet (M'', M) is associated a quadratic invariant: 

X= (M",M)® (M0,M) =M"®M" + M®M; (9) 

the "(g)" product is a tensor product (not the usual multiplication of matrices) and means the product of fields as 
functions of space-time; M » M stands for J2i=i 2 3 M ' (g) M 

For the relevant cases N — 2,4, 6, there exists a set of D real matrices such that the algebraic sum of invariants 
specified below, extended over all representations defined by (||0H) 



\ symmetric D's antisym W s 



(10) 



is diagonal both in the electroweak basis and in the basis of flavour eigenstates. With the coefficient (1/4) 
chosen in ( |l0| ) in the electroweak basis, the normalization in the basis of flavour eigenstates is (+1/2), with all 
signs positive. 

For the case of two generations, the four 2 x 2 D matrices (3 symmetric and 1 antisymmetric) can be taken as 



10\ /10\ /01\ /Ol 

1/ \ -1 / \ 1 / 1-10 



(11) 



From the property stated above, to each quadruplet can be associated an arbitrary electroweak mass scale and, 
for such a choice of D matrices, the degeneracies of electroweak and flavour eigenstates coincide. 

The mass hierarchy of electroweak eigenstates can be made arbitrary without violating the fundamental sym- 
metries of the theory; it is in particular disconnected from a hierarchy between quark condensates. 

When the chiral and electroweak symmetries are broken, a new splitting can occur inside each quadruplet 
between the singlet and the triplet of the custodial SU (2)y symmetry studied in [|l|]; this allows in particular the 
splitting between scalar and pseudoscalar mesons and doubles the number of arbitrary electroweak mass scales 
uptoTV^. 

2.2 The electroweak Lagrangian 

The scalar (pseudoscalar) electroweak fields that build up the Lagrangian are taken to be the ones associated 
with the set dill ) of matrices B diagonalizing the invariant (10) in both the electroweak and the flavour basis, 
and the combination used for the kinetic terms is the one of (10). 

The kinetic terms for the leptons and the gauge fields are the standard ones. 

No Yukawa coupling to quarks is present since they are not fields of the Lagrangian, and masses are given in a 
gauge invariant way to the mesons themselves. 

A "mexican hat" potential is phenomenologicaUy introduced to trigger the spontaneous symmetry breaking of 
the electroweak symmetry. 

We report the reader to appendix ^ for more details. 

3 K ^ TTTT decays: the pure electroweak case 

3.1 The electroweak quadruplets for two generations (N = 4) 

Specializing to the cas of two generations (we shall not study CP violation effects here), we choose accordingly 
the four D matrices as in (pi]). 

It is useful to write explicitly the four types of multiplets <l>(Di), i = 1 . . . 4; the one isomorphic to the complex 
doublet of the Glashow-Salam- Weinberg model is 
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and the last three are given in Appendix A. cg and sg stand respectively for the cosine and sine of the Cabibbo 
angle 6*^. 

We come back later on the normalization (see in particular appendix 

(^(Di) contains one scalar H = and three pseudoscalars P(Di). H is the only scalar matrix with a non- 

vanishing trace and we take it as the (unique) Higgs boson. The "mexican hat" quartic potential that triggers 
electroweak spontaneous symmetry breaking is accordingly introduced for this quadruplet [], and the P's are the 
three associated Goldstone bosons. 

The choice of a unique Higgs boson and its interpretation in terms of qiQj operators shows that its getting a non- 
vanishing vacuum expectation value ( VEV) is equivalent to giving identical non-vanishing VEV's to all diagonal 
{qiQi) operators, and only to these, building a bridge between chiral and electroweak symmetry breaking [^. 

Having a single Higgs boson prevents the occurrence of a hierarchy problem [Q]. It is also a guarantee not to 
generate flavour-changing neutral currents ^ . 

Two features of (pQSii) distinguish non-leptonic decays from the ones of neutral kaons: 

- the components of the three goldstones making the SU{2)v triplet P(Di) in terms of pseudoscalar mesons 
include the charged K^, and vr^, the neutral tt" meson and other parts of "diagonal" pseudoscalars, but no 
neutral K or D meson; so, the latter do not couple to the Higgs boson and a gauge field while the former do; 

- the quartic terms in the potential for <y5(Di) yields a vertex proportional to {H)h (g) P (g) P (see Appendix B) 
which does not appear for other quadruplets. 

They allow one-loop decays for the charged kaons with a Higgs boson propagating in internal lines, and do not 
for the neutral kaons. 



3.2 Classical K nn decays 

The classical theory is that of a massive gauge theory. We introduce no gauge-fixing at this level and choose 
accordingly the propagators of the gauge bosons to be 



-^fj,f (classical) / \ _ • ff^" - q^^q" /M'^ ^ 



Dw.z 15 T72 • (13) 



There exist non-diagonal couplings between the mesons and the gauge bosons (see fig. 1 below). 
The decays if + tt+tt" and Ks tt+tt^ are classically described by the tree diagrams of fig. 1: 

^and only for this one. 

* Suppose indeed that, for example, (S''(ID)4)) 7^ 0; then the kinetic terms generate a coupling (§''(ID)4)) 0^P^(D4) between a 
certain neutral combination of K and D mesons (see Appendix A) and the Z gauge boson; the limits on flavour changing neutral currents 
consequently provide limits on the VEV's of other eventual Higgs bosons. 
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Fig. 1: 7r+7r° and Kg tt+tt decays at tree level. 



They are similar to the ones describing leptonic decays of pseudoscalar mesons (the two leptons coupled there 
to the gauge fields are replaced here by two mesons), which have been used to calculate the normalization a of 
the mesonic fields M with respect to the observed mesons: one recovers the usual PCAC result for 



/ 



(14) 



where / is the leptonic decay constant of the mesons (supposed to be the same for all of them) and {H) = u/ V2. 
This entails for example (see also Appendix Bh 



P+(©i) = 2V2 - {cos0c{n+ + D+) + sineciK+ - D+)) 



(15) 



We consider that the incoming and outgoing particles are the "flavour" or "strong" eigenstates ,tt^ , 7r°, and 
Kg — (i^" — if )/V2, and the states propagating in internal lines are electroweak eigenstates (including the 
massive gauge bosons, the Higgs boson and the three goldstones). 



One has, for example (see also Appendix G. 1 ): 



K+ oc i{u^5s) = ^ (ce(P+(B3) + P+(D4)) + S9(P+(Bi) + P+(©2))) , 
V 2 ^ci 



(16) 



The perturbative series is built from the classical Lagrangian £(M), deduced from the one for the M's by a 
global rescaling by the factor (see Appendix 0) 



its kinetic terms are diagonal, too, in the basis of strong eigenstates tt^K . . . and start with 



(17) 



(18) 



While both figs, la and lb play a role for tt+tt" decays, fig. la vanishes for Kg tt+tt^ because the 

Z gauge boson, whic h wo uld then occur in place of the W boson, does not couple to neutral kaons (see the 
footnote in subsection 3.1 ). 



Because, as it explicitly appears in the expressions for I?^7r+_D^7r^ and Df^K^D^^K^ , the Z gauge boson 
does not couple to one charged kaon and one charged pion ^ and because Kg tt+tt^ can only be mediated 
by a W^, only the latter appear in fig. lb. 

^Transcribed in the quark language, this corresponds to the absence of flavour changing neutral current in its customary meaning (no 
coupling of the Z to ads or sd combination) 



One gets {Gp = 1-02 lO'^/M^^^ton is the Fermi constant): 
- for the ampHtudes {A corresponds to fig. la and B to fig. lb): 



= sin cos 6, V2fGFiml+ - mlo); (19) 

^K+%.+.o = B'£l^,^,- = - sin^.cosf?, -^Gpiml - ml); (20) 
■ for the decay rates, because to^+ — m^o <C — , we can neglect ^ with respect to B, and get accordingly: 

rr+'^-^.+.o « r^:!.^,^_ = sin^ cos' d ^{ml-mlf J ml - 4ml 



1 / 

— sin^ Oc cos^ 9c 0% 
327r ml 

9.5 lO^^Gey, (21) 



which is to be compared with the experimental values: 

Vj^I + = 1.1 IQ-^^GeV < r*'-'!f , < . = 5.125 IQ-^'^GeV. (22) 

3.2.1 The case of Ks 7r°7r° decays 

There exist no electroweak contribution to Kg — > tt^tt^ at the tree level. This is the first sign of a drastic 
violation of the strong isospin symmetry by electroweak interactions. 

The tree diagrams are vanishing because; 



- there is no coupling of Ks — (1/2)(P*' — iP^)(]D4) to the Z gauge boson (see the footnote in subsection 3.1 ); 
this eliminates the diagrams of fig. la; 

- the Z boson does not co uple to Ks and 7r°, because T^^ acting on Ks yields §°(I1)4) or S'^(]D)4) which do not 



contain tt" (see Appendix G.2), and acting on 7r° does not yield any Ks', this eliminates the diagrams of the 
type of fig. lb. 



3.2.2 Summary of the classical electroweak contributions 

The classical electroweak theory faces three problems: 

- it gives too large a decay rate (by a factor 8.6) for K^ 7r+7r°; 

- it gives too small a decay rate (by a factor 54) for Ks vt+tt"; 

- Ks vr^vr" decays do not occur. 



3.3 The electroweak one-loop corrections to tt+tt^ 
3.3.1 The loop expansion 

The global normalization of the Lagrangian (see eq. ( |l7[ ) and Appendix ^ plays a role at the quantum level. 
Let us indeed consider its influence on the generating functional Z 

Z = p f f <i^^C{M{x)) ^ ^a^ J d^x^C{aM(x)) ^ J d^xCmx)) ^ ^23) 

The first equality is a trivial identity, where we just expressed the generic fields M in terms of the rescaled one 
M; the second equality is only the definition of C. Eq. (^3|) shows that while the parameter driving the loop 
expansion for £(M) is ^, it is ^/a^ for £(M). 

The consequence of the rescaling of the fields and of the Lagrangian is accordingly that, for the same number 
of external legs, the one-loop amplitude for a given process gets an extra 1/a' = v'^/Sf'^ factor with respect to 
the tree amplitude. 



3.3.2 1-loop diagrams for X+ — > tt+tt" decays 

The only six non-vanishing diagrams are drawn in fig. 2. In Appendix C we display other diagrams and explain 
why they identically vanish. 





Fig. 2: nonvanishing 1-loop electroweak diagrams for tt+tt . 

Because all diagrams involve the trilinear coupling between the Higgs and two pseudoscalar mesons character- 
istic of the quadruplet the latter can only be the Goldstone bosons of the quadruplet 

3.3.3 1-loop diagrams for Kg tttt decays 

All are vanishing because; 

- Ks is linked to Lp{^^i) and to xi'^i) (see eqs. (|l6|j6|,[7|)) and we supposed that the only field with a non-vanishing 
VEV is S"(Di); so, there is no trilinear coupling with which one-loop diagrams could be built; this ehminates 
the diagrams of fig. 2 and fig. 10a; 

- the other diagrams of the types described in figs. 10b,c vanish for the same reasons as stated in Appendix C. 



3.3.4 Explicit computations 

We perform the computations in the Landau gauge; it is coherent with considering both the three massive gauge 
bosons and the three goldstones in internal lines; indeed, while a massive gauge boson has three degrees of 
freedom, a transverse one has only two. In this gauge, all logarithmic divergences cancel and the results are 
finite. 

One finds the following results for the amplitudes ^''•'''^'''>'='/ corresponding respectively to the diagrams of 
fig. 2a,b,c,d,e,f.: 



A'^ + A^ = 0, 

A^'+A'^ = 4i SgCg f G% M^mjf 

(h{M^,ml,m\) ^ ^h{Ml,ml,m]i) ^ h {M^ ,ml,m\) ^ ^h{Ml,ml,m\) \ , 
A' + M = -{A'' + A^){p^-P2). (24) 



o 



where p and p2 are respectively the momenta of the incoming kaon and of one outgoing pion as displayed in 
figs. 2; Ji and I2 are dimensionless convergent 1-loop integrals respectively given by: 
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Their explicit analytic expressions are given in Appendix D. 

CvK and sw stand respectively for cos 9w and sin where 6w is the Weinberg angle. 
Using p.pi — {l/2)nij^ andp.pi + pi.p2 = to|- — m^, one gets 
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which exhibits a cancelation between the W and Z contributions. 

00 



y| 1 loop 



It stays finite when irij^ M^, M| and, when 
3 



sin 0c cos 0c G| / (m?^, - m^) {M^ InM^ - M| InAff + (Af| - Af^) Inm^^ 

(27) 



The Higgs contribution to — »■ tt+tt" is negligeable. To have an idea of the importance of the one-loop 
contributions, we consider the ratio TZ of the 1-loop amplitude ( p6[ ) and the tree amplitude (pO|); it can be of 
course argued that the former, unlike the latter, has been computed without gauge fixing, but one considers it 
here only as a rough estimate of the experimental value (see eq. (|23)); TZ is given by: 
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and is plotted of fig. 3 for a large range of values of niff E [0, 100 TeV]. 

One concludes that the Higgs boson can play no role in explaining the A/ =1/2 rule for K 
when only electroweak interactions are taken into account. 
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Fig. 3: the ratio of one-loop over tree electroweak amplitudes for if + 7r+7r°. 



3.4 Conclusion 



SU{2)l X U{1) electroweak interactions for mesons transforming like {qiqj) or [qi^i^qj) operators cannot 
account for Ks tt^tt" decays nor for the damping of tt+tt" with respect to Kg vt+tt^. Another 

type of interactions is consequently needed to account for the observed if — > tttt transitions. 

4 K ^ TTTT decays: introducing another interaction between mesons 

Would this be the only problem, the absence of a tt^tt" final state in the electroweak decays of Kg could be 
cured by invoking final state strong interactions in the process tt+tt^ ^ n^n^; in the quark language, this is 
tantamount to a simple reshuffling of the quark lines. 

However, this cannot explain the large effect of isospin breaking between tt+tt" and Ks tt+tt" 

decays. 

This is why we shall adopt another point of view and introduce another interaction between mesons, which in 
particular respects the two symmetries generally attributed to strong interactions: flavour symmetry and parity 
conservation. Its interpretation is again clearer in the quark picture. 

Consider an incoming mesonic state built from the two quarks qi and qj, {qiqj) for a scalar and {qi^^qj) for a 
pseudoscalar 

Since chiral symmetry is broken (supposedly by strong interactions), the vacuum expectation values of diagonal 
scalar diquark operators are nonvanishing (qaqa) 7^ 0. This means that in the true vacuum, diagonal quark pairs 
can be freely created. Because of the flavour symmetry of strong interactions and because they conserve parity, 
the only combination of quark pairs that can occur is the flavour diagonal combination {uu + cc + dd + ss) 
(which corresponds to the Higgs boson). 

We then invoke a reshuffling of the quark lines, which induces a trilinear coupling between mesons depicted in 
fig. 4, in which the dark square represents the (unknown) A-coupling. 

For example we can have the coupling (in the quark language) 

(dlbc) > {du){uj5c) + {dj5u){uc) + {dc){cj5c) + {dj5c){cc) 

A _ _ 

+ {dd){dj5c) + {d-f5d){dc) + {ds){sj5c) + {d-f5s){sc). (29) 




Fig. 4: trilinear meson coupling induced by A-inte ructions. 

A has the dimension of [mass] (see also eq. ( p4| ) below). As all scalar and pseudoscalar fields have dimension 
[mass], the new coupling does not harm renormalizability. 

The trilinear coupling violates electroweak symmetries and mix components of different quadruplets ^ Since 
afl quadruplets are now concerned, the relevant diagrams, which all now occur at the one-loop level, are more 
numerous than in the pure electroweak case. The diagrams which can play a role in tt+tt^ decays are 

displayed in Appendix E, those for Kg — + tttt in Appendix F. 

We shall make the following simplifying hypothesis in the computations of the diagrams which now mix elec- 
troweak and A-interactions: 
- all internal lines are electroweak eigenstates; 

*It also yields, when one of the external legs is the Higgs boson, identical mass terms for all scalar and pseudoscalar mesons through its 
condensation. 



- they furthermore correspond to the eight quadruplets associated with the matrices II5i=i...4 of eq. which 
diagonalize the kinetic terms both in the electroweak and in the strong basis. 

Each diagram is computed as the sum of the amphtudes corresponding to each given intermediate electroweak 
eigenstate. 

The second part of the above assumption is not guaranteed (except for <i>(Di) since it includes the Higgs boson 
and the three goldstones (see eq. (p^), which are always electroweak mass eigenstates). 

Each external line is a linear combination of electroweak eigenstates (see Appendix G.l I. 



That the two final states must be pseudoscalars eliminates several potential diagrams (see Appendix E.2); also, 
even in the case where the two outgoing states are pseudoscalars, they may have a vanishing projection on the 
expected two-pions states (see Appendix G.l), which eliminates other diagrams. 



4.1 Explicit computations: an example 

We outline below the main steps of the computation of the diagram corresponding to fig. 11 a for the decay 
if + tt+tt"; the first intermediate electroweak state is here a scalar S''. 

The ingoing K'^ meson projects on electroweak eigenstates according to eq. (p^. 

The coupling with the W gauge boson connects any P"*" to the §° of the same quadruplet. 

The electroweak coupling between P+, §° and W being the same for all quadruplets, the combination of elec- 



troweak eigenstates that enters the A-vertex is the same linear combination as the one occurring in eq. (16) 

(l/2a) (se(S''(I])i) + S°(P2)) + ce(§°(D3) + S°(]D)4))) oc sg{uu + ss) + cg{uc + ds), where we have used 
the quark notation in the last equality. 

Wishing eventually to account for the mass splittings between intermediate states, we treat separately the am- 
plitude corresponding to any given §°(Di). 

Let us consider for example the amplitude corresponding to S°(D4) oc ((wc) — (cu) + (ds) — (sd)) as the first 
intermediate state. 

By the model of A-interactions proposed above, this scalar combination yields 

(uc) — (cu) + (ds) — (sd) — ^ 

((mm)(mc) + {uc){cc) + {ud){dc) + {us){sc) — (cu)(uu) — {cc){cu) — {cd){du) — {cs){su) 
+ {du){us) + (Jc)(cs) + {dd){ds) + {ds){ss) - {su){ud) - {sc){cd) - {sd){dd) - {ss){sd)) 

+ {{u-f5u){u-f5c) + (m75c)(c75c) + {u-f5d){dj5c) + (U75S)(S75C) 
-(C75U)(U75U) - (_C75C)(C75U) - (_C75d)(d75M) - (_C75s)(s75m)) 

+ {{dj5u){u'y5s) + (rf75c)(c75s) + (d'y5d){dj5s) + (d75s)(s75s) 

-{s75u){u'l5d) - (s75c)(c75d) - {sj5d){d-f5d) - (s75s)(s75d)). (30) 

Of the two states outgoing the strong vertex, only one undergoes again electroweak interactions; the other one 
is a final outgoing state. 

As the two final states must be pseudoscalars, all terms in eq. ( ^0| ) involving two scalars can be discarded since, 
otherwise, a scalar will remain among the final states. 

As the two final states have strangeness and charm zero, all contributions involving two "s" quarks, or two "c" 
quarks or one "s" and one "c" can be discarded since at least one of them would remain in the final states. 
We can thus restrict eq. ( pO| ) above to 

(uc) - (cu) + (ds) - {sd) — > (u75u)(u75c) + (u75d)(d75c) - (c75m)(u75m) - (0756?) (d75u) 

A _ _ 

+ {dj5u){uj5s) + {dj5d){dj5s) - (s75M)(M75d) - (s75(i)((i75(i) H . 

(31) 

The final states being strangeless and charmless, the vertex where the gauge boson annihilates must operate 
on the strange or charmed intermediate state if there exists any, so as to transform it into a charmless and 
strangeless state. This state must furthermore be neutral or negatively charged. It can thus only be (dj^c), 
{c'Jqu), (J75S) or (s75(i), and we can forget about the term {c'y5d){d^5u) and (d75M)(M75s) in eq. (pi]): the 
incoming could only connect to (d'y^u) such that (12755) and (075^) would be final states which strangeness 
or charm, which cannot correspond to a pion. 
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The electroweak vertex where the is annihilated can only concern the intermediate states (M75C) and (075^) 
(because they are charmed and neutral), (c?75s) and (sj^d) (because they are strange and neutral), (^750) 
and (s75u) because they are charmed or strange and have a negative charge. These we expand in terms of 
electroweak eigenstates, using the formulaeof Appendix |G.l[ A intermediate state can only be connected by 
a weak generator to a that is the creation of a scalar with charge +1; it cannot correspond to a pion; 
thus in the expansion ( |3l| ) above, all P° intermediate states can be discarded and one has only to consider P'^ or 
P~ as possible electroweak intermediate states. 

The states outgoing the strong vertex which are not acted upon by electroweak interactions, already expressed in 
terms of strong eigenstates, have just to be projected on pion states; omitting the a factors, one has for example 



(see Appendix G. 1 ) 



{u-f5u) cx -i— (7r"+7]); 



and the terms containing 77 are to be discarded. 

Likewise, the electroweak final states coming out of the interaction vertex have to be projected on the pion 
states, according with the formulae of Appendix p. 2| . 

One of course only keeps in the global amplitude terms proportional to sin 6c cos 6c and drops higher powers of 

sin 6 c- 

Collecting all the factors and in particular taking into account the appropriate normaUzation factors a for the 
fields and coupling constants, one gets the following expression 

(^p+(Di) - -Dp3(D4))(pi - q). 

(33) 

The D's stand for the propagators of the corresponding intermediate states. 

The same procedure must be repeated for §"(©1.2,3) in the first internal line. One finds: 

S+'{S'{B,),W) = 2secgA^J ^i2p^qn2p,-qyDj^:iq)D^o^„^^ip~q) 

(-Dp+CDi) + -Dp+(D2) ~ ^P3(Di) - ^P3(D2))(P1 ~ 

S+"{S'>{B,),W) = 2secoA^J ^i2p^qn2p,^qrDj^Aq)Dsoi«,)ip-q) 

(-Dp+(Di) + -Cp+(D2) ^ ^p3(Di) — ^P3(D2))(P1 ^ 

S+'{S'{B,),W) = seceA^J -0^{2p-qr{2p^-qyD%iq)Dso^j,,^{p-q) 

(-Dp3(Di) + ^P3(D3) ~ -Dp+(Di) - ^P+(D,))(Pl - Q)- 

(34) 

The amplitude for the diagram of fig. 11 a is the sum 

= 5+°(§°(©i), M^) + 5+°(§°(I])2), W) + 5+°(S°(D3), W) + 5+''(§°(B4), W). (35) 

>S+°(§°(Di), W), 5+°(§°(D2), W) and 5+°(S°(©3), W) vanish as soon as the three pseudoscalars inside each 
triplet P(]D)i), P(B2), PlBs) are degenerate. We suppose that this is the case, so as to conserve in particular the 
custodial SU{2)v symmetry |jl|], and approximate 

5^°(M^)«5^"(S"(©4),T^). (36) 

This diagram is in particular a function of the Higgs (= §°(Di)) mass and of the mass difference between ]P(D4) 
and the three goldstones P(Bi). 



1 i-i 



4.2 Results for K tztt amplitudes 

The computations of all relevant diagrams go along the same lines as explained above. 

4.2.1 General analytic results 

They are written in Appendix ^ for K'^ tt+tt^, in Appendix | for Kg — > tt+tt" and in Appendix 0for 

4.2.2 Approximations 



We choose, for the same reasons as in section 3.3.4, to work in the Landau gauge: both the three massive gauge 
fields and the three goldstones are taken into account in the internal lines. In this gauge, the (purely electroweak) 
tree amplitudes vanish, and all the loop amplitudes that we compute are again finite. 

As there are a priori two possible mass scales per electroweak quadruplet if the scheme of symmetry breaking 
preserves the SU{2)y custodial symmetry, the masses in internal lines can take sixteen different values. This 
general case being uncontrollable, one must work within certain approximations. This is all the more legitimate 
as we already made an hypothesis on the nature of the internal lines and because the goal of this study is not 
to derive the spectrum of electroweak mass eigenstates from the K tttt amplitudes, but instead to show how 
large deviations from the strong isospin symmetry can occur 

We shall first work in the symmetric limit where all scalar and pseudoscalars are degenerate with mass m; we 
shall then study the case when there are two mass scales, one for the scalars, ms, and one for the pseudoscalars, 
mp; we shall finally evoke the more realistic case in which there are four mass scales, the vanishing one, mo, 
for the three goldstones of the broken electroweak symmetry, a second one, mp, for the other pseudoscalars, a 
third one, ms, for all scalars but the Higgs boson which is given a fourth one, mn- 

Accordingly, the amplitudes under concern write; 
• 

(37) 

with 

5^+_,+,o = isgCgfM^V2GFA{~3{Jl - J2){Mw,mH,mG) - 5(J1 - J2){Mw,ms,mp)) , 
Sr+^^+.o = ^sgCgfM^V2GFA({Jl- J2){Mz,mH,mp) + ?,{Jl- J2){Mz,mH,mG) 

+ ( Jl - J2){Mz, ms, mp) + 3( Jl - J2){Mz, ms, ma)) ; (38) 

and 

Sk^-..+.- = -AisgcgfU^^GpAiiJl - J2){Mw , mn, m,p) + ( Jl — J2){Mw, ms, mp)) ; (39) 

SK^^nOn" = -'iisecgfM^V2GFA{2{Jl - J2){Mw,ms,mp) + (Jl - J2){Mw,ms,mG)) ■ (40) 
A is the dimensionless coupling constant of the proposed model of interactions 



A^A\/V2Gf; (41) 

its electroweak counterpart is 

Aew = Mw\/V2Gf « 0.324. (42) 
The two functions J1(M, mi, m2) and J2(AJ, mi, m2) are defined by 

d*q I 11 



J1(M, mi,TO2) = p-pi 



(27r)4 {q - pi)2 - ml) {q - p)^ - m^) q^ - M^'' 
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we always work in the limit mT^,mK <C mi or TO2. 
One then has the analytic expressions: 

Jl(Af,TO„TO,) . ^2^;^ [ ^^^^^ j ' ^''^ 



J2(M, TOi, TO,) = - J1(M, TOi, TO2) + ^--^ (^In + In - ^^^^ In ^ 



leading to the relevant combination (using p.pi = {l/2)m\) 



(45) 



(Jl- J2)(M,TOi,TO2) = Y^8^2„^2 l^AP - TO? " M2 - TO^ " {M^ - m\){M^ -ml)) - ^ ' 
The two following limits will be used: 

„1-J2)(M,,„.0, ^ 

z 3 m\ ( , TO^ \ 

J1-J2 A/,TO,TO = TTT^o ..9 9 1 + ^In— . (47) 

^ M ' 7 / 167r2 8M2-TO2 \ Af2-TO2 Af 2 ^ 

Two facts are noteworthy at this stage: 

- Kg -K^-K^ decays are restored; 

- while only the W plays a role in Kg — > vrvr decays, W and Z mediate — > tt+tt" transitions, with a priori 
competing signs. 



4.2.3 The limit of flavour and parity symmetry for intermediate states 

Let TO the unique mass of all intermediate electroweak states (supposed to be higher than the pion and kaon 
masses). Then, eqs. (|7[|8|, ||,|o|) reduce to 

5;<-+_^+^o = -8is0Ce/Af2,V2Gi.A((Jl- J2)(A//iv,to,to)-^(J1- J2)(A//2,to,to)) ; 

Sk^-^^+tt- = ~SiseC0fMl-V2GFA{Jl~ J2){Mw,m,m); 
3 

SK,^7r»TT" — 2^K^^-!T + TV- : (48) 

where (Jl — J2){Mw,z , m, to) is given by eq. (p7|). 

The mechanism which damps Sx+^tt+tt° with respect to the two decay amplitudes of the neutral kaons is 
conspicuous: the Z gauge boson only plays a role in the former and comes with a relative negative sign with 
respect to the W contribution. This cancelation is complete for cos 9w — 1 equivalent to Mw — Mz- 

On fig. 5 below the ratio of the two amplitudes Sx^->Tr+Tr- / Sk+^-k+tt° plotted as a function of to: this ratio 
is independent of the coupling constant A. All dependence on the mass of the external legs also divides out. 

To take consistently this symmetric limit requires in particular that it be also taken for external legs, and thus 
that mK — m^,: the pure electroweak contribution at the tree level vanishes at this limit. 
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Fig. 5: ratio of amplitudes Sk,^-k+v- /Sk+^-k+-k° <^t the limit of degenerate electroweak eigenstates. 

At the limit m — > oo the ratio Sk^^tt+tt- /Sk+^t^+t^o goes to 

Sk.^^+.- _^ ^ (Jl- J2)(Mz,m,m) 
Sk+^tt+ttO m^oo {Jl — J2){Mw,m,m) 

4.2.4 Splitting scalar and pseudoscalar intermediate states 

The next, less drastic approximation, is to allow a splitting between scalar and pseudoscalar states, and thus to 
introduce two mass scales for intermediate states, mp and mg. We shall still consider m,Tt.m,K ^ m.p or m.s- 

The consistency of this hmit again requires that one take rriK = ?Ti,r, making the pure electroweak amplitudes 
vanish. 

The expressions for the — > tttt amphtudes become: 

Sk+^^+^o = -d>is0CefM^V2GFA ( (Jl - J2){Mw,ms,mp) - -^{Jl - J2){Mz,ms,mp)\ ; 

SK,^n+n- = -&iseC0fM^V2GFA{Jl- J2){Mw,ms,mpy, 
3 

^Ks^n"7v° = 2^Ks^Tr+n-'> (50) 

and the ratio Sx^^tt+tt- /Sji+^-„+TT° is plotted on fig. 6 below as function of mp for and mg; we have made 
mp vary in the interval [1 GeV, 10 GeV] and ms vary in the interval [1 GeV, 200 GeV] . 



tan 6w 



(49) 
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Fig. 6: ratio of amplitudes Sk^^-k+v- /^k+^v+-k" a function ofmp and ms- 
When ms oo, the above ratio has the same asymptotic value —1/ tan^ 9w as in the previous case. 

4.2.5 A more realistic approximation 

We now work with the four scales mc =0,mp, ms, tuh- 

Of course, this approximation is still very crude as it does not take into account the mass splittings between 
electroweak eigenstates of the same parity. 

Tlie ratio of Kg tt+tt" over K'^ —>■ tt+tt" amplitudes. The W — Z cancelation still operates, and 
now the amphtude for tt+tt" can even vanish. Its zeroes determine the maximum violation of strong 

isospin. The equation which determines them can unfortunately only be solved numerically. 

On fig. 7 below is plotted the ratio of amplitudes Sji^^^^+j^- /Sn+^^+^o for mp = 1 GeV, 3 values of ms, 
ms = 1.5 Gey, 10 Gey and 50 Gey, and for mij G [0,200 GeV]. 

For given values of {mp,ms), the above ratio is seen to be a sensitive function of the Higgs mass. 
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Fig. 7: ratio of amplitudes Sk^^-k+v- / Sk+^-k+-k° for mp = IGeV, ms = 1.5, 10 and 50 GeV. 



The ratio of Kg —>■ tt+tt over Kg —>■ ir^n^ amplitudes. It is no longer fixed as it was in the two pre- 
vious approximations. On fig. 8 below, it is plotted as a function of ms S [1.5 GeV, 50 GeV] and niH € 
[5 GeV, 200 GeV] for mp = 1 GeV. 
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Fig. 8: ratio of amplitudes Sfc^^TT+n- /^k^^ttOv" fafmp = IGeV. 

The experimental value \/2 for this ratio, which is another aspect of the AI = 1/2 rule, is seen to be easily 
reproducible, too. 



A short comment on the mass splittings. All the numerical computations that we presented seem to favour 
large mass splittings between the multiplets and still larger between scalar and pseudoscalar mesons. We have 
taken advantage of the arbitrariness of the different electroweak mass scales which is allowed by the model. 
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and of the supplementary splitting between scalars and pseudoscalars which is triggered by the breaking of 
the electroweak and chiral symmetries, while preserving the custodial SU{2)v symmetry. Experimentally, the 
scalar mesons are indeed observed in general to have masses much higher than the pseudoscalars. 

A or "strong" interactions? The goal of this work is not to describe precisely K tttt decays individually, 
but to uncover the mechanism at the origin of large isospin breaking in dimensionless ratios. And indeed, the 
number of parameters is too large (16 mass scales and one coupling constant) and there are too many unknown 
to go with reasonable confidence beyond the general approximations and results that have been exposed above. 

However, let us get some idea of what would be, within the framework of the last approximation, the value of A 
that could reproduce the order of magnitude of the modulus of the amplitude for Kg tt+tt", the experimental 
value of which is 

+ _ w 3.92 IQ-'^GeV. (51) 
Our prediction is plotted on fig. 9 as a function of A and tuh, for mp = 1 GeV and ms — 10 GeV. 
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Fig. 9: amplitude Sk^^tt+tt- (GeV) for mp = 1 GeV and ms = 10 GeV. 

The only conclusion that we can draw is that large values of A seem to be favored, which correspond to "strong" 
interactions. 

5 Conclusion 

A clear and simple mechanism yielding large violation of the isospin symmetry in — > tttt decays has been 
uncovered. 

Results have been obtained in a model which respects all known symmetries of the interacting mesons and 
which describes them as both the fields and the particles of the corresponding Lagrangian. Quarks have only 
been considered as mathematical objects [^0|], which circumvents in particular the problems of confinement and 
hadronization. 

That it stays operative when the proposed A-interactions become strong cannot of course be assessed since we 
only performed one-loop computations, and only relies on the fact that the one-loop ratios that we have been 
considering do not depend on A. But such a problem already existed in the QCD approach, and the mechanism 
for isospin violation was by far less conspicuous there. 

We have seen that the only study of K ^ tttt decays is not enough to give trustworthy predictions concerning 
the mass of the Higgs boson, though it stays among the main goals to be achieved. It is conceivable that similar 
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studies for other nonleptonic decays might ehminate some unknown parameters that we encountered here (like 
the spectrum of the scalar mesons) and provide more than just qualitative results. 

A natural application of the amplification by "strong" interactions of an isospin violation due to electroweak 
interactions concerns the always problematic isospin violating decays of the 77 meson into three pions [p6|]. 
By comparison with the decays studied above, two major sources of complications are expected to make the 
computations much more tedious: the final state with three pions which can be generated in many ways and 
thus can arise from more numerous Feynman diagrams, and the uncertainty concerning the flavour structure of 
the incoming state and its mixing with other neutral flavour diagonal pseudoscalar mesons. 

Another natural extension concerns the case of three generations and the mechanism for CP violation. The 
length of the computations as performed in the framework above would make their automation compulsory, and 
we did not find yet the appropriate method. Furthermore, the most general electroweak mass eigenstates can be 
hnear combinations of the quadruplets (H^) displayed in section ^, which introduces, in addition to the CKM 
matrix controlling the embedding of the electroweak group into the chiral group, another mixing matrix at the 
mesonic level; it was also shown in [ ^5| ] that the presence of a complex CKM matrix is no longer a sufficient 
condition to have indirect CP violation, and that this phenomenon can now happen, unlike in the Glashow- 
Salam- Weinberg model, with two generations only through the new mixing matrix just mentioned. One thus 
has to face the existence of two a priori unconnected mixing matrices and the large spectrum of possibilities 
which arise makes the detailed investigation of CP violation a very demanding task. 

These points are currently under investigation; I just hope to have given hints in the present work that the story 
of K ^ TTTT decays still proceeds and that the exposed technique can provide valuable information on hadronic 
interactions. 
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mindedness and his constructive questions and comments. 



1 c\ 



List of Figures 



Fig. 1: tt+tt" and Kg tt+tt^ electroweak decays at tree level; 

Fig. 2: non-vanishing electroweak 1-loop diagrams for tt+tt^; 

Fig. 3: the ratio of one-loop over tree amplitudes for — > tt+tt^ in the pure electroweak case; 
Fig. 4: trilinear meson coupling induced by K-interactions; 

Fig. 5: ratio of amplitudes Sx„^-k+-k- /^k+^tt+tt" <^t the limit of degenerate electroweak eigenstates; 
Fig. 6: ratio of amplitudes Sx,^-k+-k- I^K+^Tr+Tz^ a function ofmp and ms; 
Fig. 7: ratio of amplitudes Sf^^^^+^- /Sf^+^y^+^o with four mass scales; 
Fig. 8: ratio of amplitudes Sx^^-k+-k- ISk^^v°-k° 'with four mass scales; 
Fig. 9: amplitude Sk^^tt+tt- >' 

Fig. 10: vanishing 1-loop electroweak diagrams for tt+tt"; 

Fig. 11: non-vanishing diagrams for tt+tt^ including a trilinear A coupling; 

Fig. 12: vanishing or irrelevant diagrams for — > tt+tt'^ including a trilinear A coupling; 

Fig. 13: non-vanishing diagrams for Kg — > tttt including a trilinear A coupling. 



Appendix 



A Representations 

The four types of stable quadruplets are given by eq. (|l2|) and $(D2), ^(IDs) and $(©4) given below. 
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B Normalizing the fields and the Lagrangian 



The Lagrangian is: 

ermions • (55) 

The gauge field Lagrangian in eq. ( ^5| ) is 

^ gauge — ^ ^ -^/^t^' (56) 

and Cf ermions IS the usual Glashow-Salam-Weinberg Lagrangian for fermions (leptons) [p^. 
The Lagrangian for scalars £(<&) is chosen to be (note the signs for the various kinetic terms) 

£($) = ii?^(^(Bi)(g)D'^(/,(Di)-yi((^(Di)) + il?^^(D2)(»i?^<^(D2)-y2(<^(B2)) 



^D^xi^s) ® D^xi^s) - U^ixi^s)) + \D^x(^i) D'^xi^i) - Uiixi^i)). 



(57) 



The choice ( pi] ) of D matrices makes the kinetic terms of diagonal both in the electroweak eigenstates and 
in the flavour or "strong" eigenstates (corresponding to M matrices with only one non-vanishing entry equal to 
1). 

The normalization 1/4 for the $ fields in eq. ( p7| ) yields the usual 1/2 when the Lagrangian is written for the 
flavour eigenstates (see eqs. (jl8|) and (]67[)). 

This entails however that the propagators of the § and P electroweak eigenstates get a factor 2 in their numera- 
tors; for example, the propagator of the neutral goldstone P'^(Di) is 

Drs{q) = ^. (58) 

V2,V3,V4,Ui, 1/2,113,1/4 are quartic potentials which do not trigger symmetry breaking, while 

Vi{ip{Bi) = -^ifiBi) ® (^(Di) + - (^(©1) ® (^(Di))®' (59) 
4 o 

does. 

The Higgs boson is shifted according to 

H={H)+ h, {H) = ^- (60) 
Using eq. (34) of [[l|] for the covariant derivatives of the fields, one gets 



M'w = 4? • (61) 



The low energy relation coming from e+ e scattering 

Gf 



(62) 



V2 

yields, together with eq. (|6l|), 

Gf = 2\/2. (63) 
To make the link with observed mesons, the fields M have to be normalized with the factor a of eq. (p^: 

(64) 



such that, for example 

1 



-(Di) = - P+(Di) = ceiTT+ + D+) + se{K+ - D+). (65) 
a 



The gauge fields are likewise rescaled according to 

W^, = aW^, 

Zfj, = aZfj,. (66) 

The Lagrangian is then globally rescaled by such that the kinetic terms for the observed mesons are 
normalized to the usual 1/2 factor 

£($) = ^^^ = ii?^(^(Bi)®i5^(^(Di) + -..-]/i(^(Di))-... . 
4 

= \ {D^TT"D''n° + 2 Df,n+D''TT- + D^.K^D'^'K^ + 2 Df^K+D'^K" + ■■■) 

-Vii^iBi)) - ■ ■ ■ (67) 

The quartic potential Vi{ip{^i)) has become 

yi((^(Di)) = -^^(Bi)^' + a^-^{B,r\ (68) 
and generates in particular the vertex (including the "i" of i {—V) occurring in e*'^) 

-m-^/i(g)P(Bi) 0P(Bi). (69) 
2v 2 



h is defined by 



H^^^^ + L (70) 
a a 



The propagator of the rescaled Higgs boson h is the same as the one of h 

2i 



Dh{q) - D~^{q) - (71) 



with 



mj, = 2a' = Xv^ = ^, (72) 

where we have used ( |63| ) for the last equality; it gets the same factor 2 as the propagators of the goldstones 

P(Bi). 

The latter are unchanged by the rescaling and given by eq. (|58|); so are the propagators of the massive W, Z 
gauge bosons; in the Landau gauge 

D'mzi<l) = D^^.i^) = ^ '^^y^^' - (73) 
Myy is given by eq. (^ij) and Mz = Mw / cos^vi^, where 9w is the Weinberg angle. 



C Vanishing one-loop electroweak diagrams 

The other one-loop diagrams for 7r+7r° and Ks tt+tt^ decays are all of the types drawn in fig. 10 

below. 




<H> <H> 



Fig. 10: vanishing 1 -loop electroweak diagrams for n'^n^. 

The diagrams of figs. 10b and 10c vanish because all vertices with two gauge bosons and one pseudoscalar 
meson do (all of them arise in {l/4)D'^(p{]D)i) (g) L)^(p(Di)). 

Fig. 10a vanishes as the result of the exact cancelation between the contributions of and W~. 

The equivalent of fig. 10a with the W replaced by a Z does not give a final state with two pseudoscalars but 

with one scalar and one pseudoscalar. 

A similar remark eliminates other potential one-loop diagrams; so does the fact that the only non-vanishing 
vertex with three scalars involves the Higgs boson §°(Di). 



D Explicit computations of one-loop electroweak diagrams 



Neglecting to|-, to^ <C My^ ^^ 'ti//' one has 

h{M ,m^,m,) « dy ^ (1 - y)my ^ ^ 

consequently, 

r2 I /I „,\^2 



T rnr2 2 2 x 1 r /7i^2 2 2 ^ ^ P-Pl f , , + {I - y)mjj 



and, expUcitly 



1 



c 



w 



i p.p. (Ml ^ . , ml{Ml - M^) 



(76) 



For I2, one gets 



l2{M^,ml,m\)- —h{Ml,rnl,m]i) 



1 p.pi 



167r2 2 



[ dx [ 
Jo Jo 



dyyln 



{l-y)m]j+y{l-x)Ml ^ 

■2 ' 
w 



(1 - y)m% + 2/(1 - x)M'^ 



(77) 



r\ A 



explicitly: 



^ 167r2 4 V - ni% Af| - mj, Af| ^ 



The parametric form for the one-loop amplitude is 



1 

yM| + (l-y)m|, I [\ f\ ^ {1 - y)ml + y{l - x)Mj 



'^^ yM2, + (1 - 2 X '''' X ^ (1 - + y(l " 2:)M2, 



and its explicit analytic expression is given by eq. (E6h 



(78) 



(79) 



E Diagrams for K+ tt+tt^ including a trilinear A vertex 



E.l Non- vanishing diagrams 




Fig. 11: non-vanishing diagrams for tt+tt*' including a trilinear A coupling. 



E.2 Vanishing or irrelevant diagrams 




Fig. 12: vanishing or irrelevant diagrams for 7r+7r° including a trilinear A coupling. 

The contributions of and W~ in fig. 12a cancel. The three other diagrams can only yield one scalar and 
one pseudoscalar in the final state. 

F Diagrams for Kg tttt including a trilinear A vertex 
F.l Non-vanishing diagrams 



Tt^, 7tO 71- 710 






Fig. 13: non-vanishing diagrams for Kg nn including a trilinear A coupling. 
F.2 Vanishing or irrelevant diagrams 

They are of the same type as the ones of figs. 12; the \2a type of diagram vanishes because the contributions of 
and W~ cancel; so do they for the diagram of the 7 type, for which there is now cancehng contributions 
from and W~ ; the (3 and 5 types of diagrams are irrelevant because they can only yield one scalar and one 
pseudoscalar in the final state. 



G Linear relations between diquark operators and electroweak eigen- 
states 

G.l Expressing strong eigenstates in terms of electroweak eigenstates 



(U75W) 
(C75C) 

(5755) 
{u-y^d) 
{djsu) 

(U75S) 
(S75U) 
(m75C) 

((J75S) 



pO _ -pS 



ii) + (P°-iP^)(»2)); 
pO _ ip3)(Di) - (P" - i¥^)i]D)2)) ; 



^ ((pO + ip3)(Di) + {cl - sl){F° + ip3)(D2) - 2s,ce(P° + iP')(P3)) ; 
^ ((P° + ip3)(Di) - (c^ - s^)(P° + ip3)(D2) + 2sflCe(P° + ; 

1 (cs(P+(Bi) +P+(©2)) - se(P+(©3) + P+(D4))) 
^ (c0(p-(Bi) + P-(B2)) - se(P-(B3) - P^(ID)4))) 

^ (ce(P+(»3) +P+(e4)) +Se(P+(E)l) +P+(D2))) 

1 (ce(p-(P3) - p-(]n)4)) + S0(p-(]n)i) + P-(]D)2))) 

^ ((po _ ip3)(D3) + (P° - iP^)(P4)) ; 
2v 2 

((pO - ip3)(D3) - (P° - iP3)(P4)) ; 

2v2 

((pO + ip3)(D4) + (c2 - s2)(pO ^ ip3)(D3) + 2sece(P° + iP3)(B2)) ; 



'T7 



(S75d) = ^(-(P° + iP')(e4) + (c^-s^)(P° + ip3)(e3) + 2sece(P° + iP')(D2)) 

(rf75c) = ^(ce(P-(B3)+P"(B4))-se(P-(Di)-P-(ID)2))); 

(c75rf) = ^(ce(P+(B3)-P+(©4))-5e(P+(Oi)-P+(D2))); 

(C75s) = ^ (cs(P+(Bi) - P+(I52)) + se(P+(©3) - P+(D4))) ; 

(S75C) = ;J:(ce(P-(Dl)-P-(D2))+S0(P-(»3)+P"(»4))). 



G.2 Projecting outgoing electroweak eigenstates on pion states 

P^(Di) 9 ^(u75U- (J75d) = a7r°; 
V2 

P^(]D)2) 9 c^^(m75M - (i75(i) = a7r°; 
V2 

P^(D3) 9 -S0C6I— ^(u75W- ^75^) = -sece a7r°; 
v2 

P^(D4) 9 X 7r°; 
P°(Di) 9 X 7r°; 

P°(D2) 9 sl-^{u"i^u - d-i^d) = -isl a Tr°; 
1 

P°(B3) 3 s0C0 — {u'y5U- d'jQd) = -isece 07r°; 
v2 

P°(ID)4) 9 X 7r°; 
P+(Di) 9 iceiuj^d) =C0an+; 
P+(D2) 9 icelu'y^d) = ce a7r+; 
P+(ID)3) 9 -ise(w75d) = -se a7r+: 
P+(]D4) 9 -ise_(u75d) = -se a7r+; 
P~(Di) 9 icg{d'y5u) = ce aw'; 
P~(P2) 9 ice{dj5u) = C0 an~; 
P"(1D)3) 9 -ise)_((i75M) = -se ott"; 
P~(©4) 9 ise{d^^u) = S0 aTT~. 



H K+ 7r+7r° amplitudes 

Fig. 11a yields: 

= secek^j ^,{2p-qY{2p,-qrD%{q) 

-DsO(D4)(P q) (-Dp+(Di) - -Dp3(]D)^)) ; 

Fig. 11/3 yields: 

5+°(W^) = seCgK^j ^^{2p-qr{2p,-qrD^M 

(- (-Dso(Di) + £'§o(D2)) (pi - q) (-Dp3(iD)i) + -Dp3(D2)) - q) 
+ (-Dso(D,) + -Dso(D3)) (Pi - 9)-Dp3(D3)(p - q) 
- + -Ds+(D3)) (Pi - 9)-Dp3(D4)(p - ?)) ; 



r\0 



Fig. II7 yields: 



((-Dso(Di) + Ao(D2)) iPl - 9) (-Dp+(Di) + -Dp+(D2)) {P - Q) 

- (-Dso(Di) + -Dso(D3)) {pi - q) (-Dp+(D3) - -Dp+(D4)) {P - q)) ; (84) 



Fig. 115 yields: 



((-Ds"(Di) + -Dso(]o,2)) (p2 - q) (-£'p+(D3) + ^p+(Di) + -Dp+(D2)) (Pi + q) 
- {Dp3(^Oi) + -Dp3(D2)) iP2 - q)Ds+(03){Pi + q) 

+ (2£'s"(D2) ~ -Dso(D3) - D§o(^ai)) (P2 - q) (^p+(Di) + ■Dp+(D2)) {Pi + q)) ; 

(85) 



Fig. lie yields: 



((£'so(Di) + -D§0(D2)) (p2 - g) (-Dp+(Di) + £)p+(D2) - -Cp+(D3) " ^P+(D4)) (Pl + Q) 

+ (2Liso(D2) - £'§0(03) - -Ds3(D3)) {P2 - q) (-Dp-(Di) + L'p-(D2)) (pi + g)) ; (86) 



I Kg — ^ TT+TT amplitudes 

Fig. I3a yields: 

StiW) = seCeA^J-0^{2p-qn2p,-qrD^M 

-Ds-(D4)(P - q) (-Dp3(D,) - £'p3(D3)) (pi - q); (87) 



Fig. 13(3 yields: 



SpiW) = secoA^J ^{2p-qr{2p,-qrD^M 

-Ds+(D4)(P - q) (-Dp3(D2) - -Dp3(D3)) (pi -q) = S^{Wy, (88) 



Fig. 137 yields: 



S^{W) = -secoA^J ^i2p-qr{2p,-qrDZ{q) 



-Dp-(D4)(P - q) (^SO(Di) + £'S0(D4)) (Pl - (89) 



Fig. 13(5 yields: 



= -seCeA^I ^{2p-qn2p,-qrD^M 

Dp+CB^)ip - g) (£'so(Di) + -Dso(D4)) (pi - g) = ^^{W); (90) 



Fig. 13C yields: 



StiZ) = ..„-LA^/||j(2p-,r(2p,-,)'0» 

■Ds3(D4)(P ~ 9) (■Dp+(D2) + -Dp-(D2) - ■Dp+(iDi3) - -Dp-(D3)) (pi - q); (91) 



Fig. 139 yields: 

Sf(Z) = ,„-lA^/^(2p-,r(2.,-,rD,-„(,) 

■Dso(D4)(P - Q) (-Dp-(D2) - -Dp+(D2) - -Dp- (Da) + £>p+(D3)) {Pl " 

Fig. 13k yields: 
Fig. 13A yields: 

J Kg — > TT^TT^ amplitudes 

Fig. 13a yields: 

D§-(pi){P - q) (-Dp-(D2) - ^p-(D3)) (Pi - «); 

Fig. 13/3 yields: 

Ds+(Di){p - q) (£'p+(D2) - -Op+(D3)) (Pi - a) = '5°"(W^); 

Fig. 137 yields: 
Fig. 136 yields: 

Fig. 13C yields: 

50°(Z) = 0; 

Fig. 13^ yields: 
Fig. 13k yields: 

S'^{W) = -\seCeK^j ^,{2p,+qY{2p,-qrDjM 

(-Ds+(D3)(Pl + q) (-Dp-(Di) + £'P-(D2)) {P2 - g) 
+^S-(D3)(f^2 - g) (-Dp+(Di) + £'p+(D2)) (Pl + «)) ; 



Fig. 13 A yields: 

STiW) = -lsoCeA^J^,{2n+qn2p,-qrD%{q) 

{Ds+(D3){P2 - q) (■Dp-(Di) + -Dp-(D2)) (pi +q) 

+£>S-(D3)(P1 + q) (i'p+CDi) + £'p+(D.)) (P2 - q)) = (102) 
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